Abstract-This work presents a study on the effectiveness of tactile feedback for the acknowledgement of a correct command detection in an EMG-based interface for the frontalis muscle. EMG interfaces are increasingly used in assistive robotics to control robots exploiting the repeatability and robustness of the electromyographic signal. However, in many application a feedback about the correct detection of an input is often missed and the user has to wait for the device motion in order to understand if his/her will has been correctly detected by the system. We demonstrate with a user study involving fifteen subjects, that a simple vibrotactile feedback can reduce the muscular effort and the time needed to execute a sequence of action commanded by an EMG device. As a case study, an EMG interface for the frontalis muscle has been used, however proposed results could be extended to EMG interfaces designed for other muscles, e.g., for prosthesis or exoskeleton control.
I. INTRODUCTION
Assistive robotics is gaining an increasing importance due to novel technological and scientific progresses. Alongside novel and sophisticated robots that can assist physically impaired subjects, several solutions for Human-Machine (HMI) and Human-Computer Interfaces (HCI) have been developed. Such interfaces usually exploit bio-signals that can be voluntary controlled by the user. Muscular contraction measured through electromyographical (EMG) activity of skeletal muscles is a classic example of bio-signal used for interfaces. The technology necessary to process such biosignal is becoming smaller and more powerful. This allows to develop wearable interfaces which interact with the human body.
Among the body muscles, the frontalis muscle has been selected by several research groups to build a HMI or a HCI, for example to realize a computer pointing system [1] [2] [3] , to recognize facial gestures [4] [5] , or to move a wheelchair [6] . One of the main reason for choosing this muscle is that it is always spared in case of a motor stroke either of the left or of the right hemisphere due to its bilateral cortical representation and it is usually usable by tetraplegic patients.
Our research group developed an EMG interface called eCap for the control of an assistive device called the Robotic Sixth Finger. This assistive device is a supernumerary robotic finger that allows hemiparetic chronic stroke patients to compensate for the missed grasping capability and to perform
The research leading to these results has received funding from the European Union's Horizon 2020 Research and Innovation Programme under Grant Agreement 688857 of the project "SoftPro". again a set of bimanual tasks typical of activities of daily living [7] , [8] . The robotic extra finger can be worn at the patient paretic forearm and can restrain the motion of a desired object by wrapping around the object and pushing it toward the paretic arm realising a hybrid human-robot grasp. The eCap was a wearable wireless EMG interface where electrodes, acquisition and signal conditioning boards were embedded in a cap. For chronic patients it is generally difficult to generate repeatable EMG patterns in their paretic upper limb due to the weakness in muscle contraction control. For this reason, we coupled the flexion/extension motion of the robotic device with the contraction of the frontalis muscle. The activity of the muscle was recognized filtering the raw EMG signal and setting a threshold as a percentage of the maximum voluntary contraction of the muscle. The user could contract this muscle by moving the eyebrows upwards. The movement of the robotic device was then controlled by using a Finite State Machine (FSM) whose states were spanned through a trigger signal obtained from the eCap interface. The outputs of the FSM were predefined commands based on sequences of input signals. We considered a finite number of states, transition between those states, and commands. States represented predefined motion commands for the robotic device and transition actions were associated with contractions of the frontalis muscle. The FSM was necessary to keep as simple as possible and low cognitively demanding the muscular activity requested to the patients to trigger a certain event. We successfully started using this interface in pilot studies involving chronic stroke patients. However, we quickly recognize the need for a feedback to warn the user about the current FSM status and to inform about the correct detection of a command. Our first solution was a visual feedback consisting in a LEDs board which represented different states, see in [9] [8]. However, this kind of feedback resulted cognitively demanding because, while the user was moving the affected arm to center the object to grasp in the workspace of the robotic finger, he/she had also to check the LEDs to be sure that the eCap received the correct input. Furthermore, such a visual feedback suffers from possible visual obstruction in case the user wears something that could cover the LEDs. In this work, the visual feedback has been substituted with a tactile feedback, implemented by a vibromotor which gives cues on the head. This solution does not overload the user with additional visual informations and is more intimate, because the user is the only person that can notice the feedback. The aim of this study is to demonstrate that a tactile feedback of the correct detection of a command can improve 2019 IEEE World Haptics Conference (WHC) Tokyo, Japan 9-12 July 2019 the usability of an EMG interface. The haptic feedback has been usually used in literature when the EMG interfaces have been used to control prostheses [10] [11] [12] [13] or exoskeletons [14] [15] . The feedback is thus contributing to gather information about the interaction of the device with the environment. To the best of our knowledge, little studies exists on the importance of command acknowledge through tactile feedback. We used the haptic feedback to inform the user about the correct detection of a control input to the system. We proved that the acknowledge of the input is very useful to the user since it reduces the cognitive delay between the intended action, the muscle movement and the actual robot action. We demonstrated that haptic feedback improve the usability of the interface and help in exploiting the functionalities of the Robotic Sixth Finger through a user study involving fifteen subjects.
The rest of the paper is organised as follows. In Section II, a detailed description of the EMG interface is provided. In Section III, we describe the experimental setup used to evaluate the tactile feedback, whereas the obtained results are reported in Section IV. In Section V, a discussion on the proposed results is reported, whereas in Section VI conclusion and future work are outlined.
II. THE FRONTALIS MUSCLE INTERFACE
In this section, we describe in detail the frontalis muscle interface. The device consist of a headband that provides surface electromyographic (EMG) signal acquisition, on-board data processing, Bluetooth connection, and haptic/vibration feedback, see Fig. 1 .
The headband is made out of an elastic band with sewed velcro strips to adapt the band length to the user head size. Non-gelled electrodes are used since they result more easy to wear and to be adjusted on the user front to improve the comfort. Non-gelled electrodes result also less expensive on a long term used since they have not to be replaced after few time of usage. The housing for surface EMG electrodes is 3D printed with two lateral belt loop so that is easy to tighten and lock the elastic band.
The electrode housing is a critical aspect of the device in terms of mechanical coupling since it has to correctly place the electrode surfaces over the frontalis muscle getting rid of the different head curvature among different users. The same part has to retain comfort for prolonged use, but at the same time, it has to exert the correct pressure against the skin to guarantee enough stability to the skin-electrode interface since the electrodes used are not gelled. To address these issues, the curved rigid 3D printed part tied to the elastic band has been designed with embedding a compliant housing for the electrodes. A set of springs push a 3D printed flexible socket for the electrodes allowing the electrode plane both to tilt, aligning with the head surface, and provide pressure to the electrodes. Details of the obtained electrodes housing are reported in Fig. 2 . Three reusable non-gelled electrodes coated with Ag/AgCl polymer 10 mm in diameter and 2 mm thick have been used. The EMG signal is amplified with an instrumentation amplifier and passes through an analogic filter both embedded in a compact board. Both electrodes and amplifier (BITalino, Portugal) are designed for EMG acquisition, with a gain of 1009, input range of ±1.65 mV, filter bandwidth 25 ÷ 482 Hz, common mode rejection ratio of 80 dB, input impedance of 10 GΩ.
The haptic feedback is realised through a vibrotactile motor. A rigid 3D printed case containing an Eccentric Rotating Mass (ERM) motor (Precision MicroDrives, United Kingdom) is fixed to the elestic band in the occipital position, see right hand side of Fig. 1 and the bottom part of Fig. 2 . Two main reasons motivate this decision for the vibromotor positioning. Firstly, Jesus Oliveira et al. proved in [16] , that the ear mid-line area has to be avoided for placing vibration cues since vibration can result in undesirable disturbing sounds for the user. Secondly, the positioning in the head frontal region cannot be considered since the front is occupied by the acquisition stage and vibrations could affect the EMG recording during operation.
A Lithium-Polymer battery was used to power the system since all circuitry are supplied with 3.3 V. It was secured to the headband by sewing a pocket directly on the elastic headband, see the center of Fig. 1 . A switch button is used to interrupt battery connection.
The sampling and data processing of the EMG signal is performed with the Teensy 3.2 (PJRC, USA), a cheap yet powerful micro-controller which mounts a 32-bit ARM Cortex-M4 module. It can sample signals up to 16-bit resolution, and it is over-clockable up to 96 MHz, allowing fast/real-time data processing.
The headband is interfaced with the Sixth Finger through Bluetooth 2.1, implemented in the RN-42 module of Roving Networks.
A switch was added to the headband to swap between a calibration mode and an operation mode.
A custom printed circuit board was realized to connect all the electronics hereupon described, avoiding most of the messy connections and providing the hardware with reliability and robustness.
III. EXPERIMENTAL SETUP
In this section, we describe the experimental setup used to test the effect of haptic feedback on the use of the EMG interface. We selected a possible task to be executed with the help of the interface that consists on controlling the flexion/extension of the Robotic Sixth Finger. We already proved in [9] , [8] , [7] the importance of an EMG interface for controlling grasp assistive tools. Readers are referred to those references also for further details on the Robotic Sixth Finger functioning and realization.
The robotic finger and the interface are connected through Bluetooth antennas. An additional antenna connects the Sixth Finger to a laptop to gather processed data and to visualize the raw EMG signal during the calibration operation, see Fig. 3 . The real-time signal processing runs at the rate of 1 kHz as well as the signal sampling rate. At each new sample, the raw EMG signal processing consists of the computation of the zero mean signal, subtracting the mean of a sufficiently long buffer of the raw signal to the new incoming sample. It was empirically determined that 350 samples long buffer, was enough to ensure a stable estimate of the raw signal mean value.
Then, the Teager-Kaiser operator [17] , a non-linear energy operator is applied to the last 3 samples, enhancing the signal to noise ratio. This is a discrete operator defined in time domain as
and has been proven to enhance performances of data processing algorithm when dealing with EMG onset identification [18] , [19] . A buffer of 350 samples of the energy of the signal is stored and the envelope of the signal is obtained by weighting the resulting 350 samples with a Gaussian window of weights w G [n] and summing them up together.
The Gaussian weights were defined as
with -
2 , α = 2.5 and N = 350. The obtained envelope is the convolution between the energy of the signal and a window of Gaussian weights, thus can be synthetically described as a modified moving average of the energy of the EMG signal. The envelope value E EMG at the time instant t 0 is obtained as
This envelope represents the instantaneous power exerted by the muscle and will be taken as an index of performance as reported in Section IV.
A calibration procedure is run for each subject before starting to execute the task. The calibration is needed to select the correct threshold for acknowledging an intentional contraction of the frontalis muscle. We used the Maximum Voluntary Contraction (MVC) technique for the threshold computation [20] , [21] . The system records the highest value of the envelope during a single upright movement of the eyebrows in which the users slowly start increasing the contraction of the forehead muscle to reach their maximum effort. The single-threshold value defined is then defined as the 50% of the MVC, a level that is repeatable and sustainable for the subject without producing noticeable fatigue during the use of the device. This procedure limits the problems related to the high influence of detection condition on EMG signal amplitude that can change between electrode sites, subjects and even day to day measures of the same muscle site. During the calibration phase, the raw signal and the computed envelope are streamed via Bluetooth to the laptop. An operator checks whether the signal is correctly measured and not affected by artefacts due to electrodes' sliding over the skin of the user. After the calibration procedure, when the EMG envelope amplitude overcomes the threshold a counter verifies that the contraction persists in time for at least 50 ms. This second threshold ensures that noise or short involuntary contraction are not assumed as a voluntary muscular activation.
Once a voluntary contraction is recognized by the device, the rising and falling edges of the muscle activation, are sent to the Sixth Finger through the Bluetooth connection. The microcontroller of the Sixth Finger receives the rising and falling edges and counts how much time elapses between them. A single activation is considered when a rising and a falling edge are received within a predefined time window. If two rising edges and falling edges are received inside the time window, then a double activation is identified. This is used to switch among states in the Finite State Machine (FSM) that runs in the the Sixth Finger microntroller. A detailed description of the FSM running on the Robotic Sixth Finger microcontroller can be found in [9] . In this work, we used a simplified version that is briefly summarized in the following. According to the current state of the robotic finger, the state of the FSM can change to
• "finger flexion" when a single contraction is detected, only if the finger is already in the completely open state; • "finger extension" when two contractions are detected, only if the finger is already in the completely closed state; • "null" the input is ignored. In other words, if the eyebrows movement is performed one time in the time window the finger start to flex, if the eyebrows are moved upwards twice, the finger start to extend.
The task to perform is to open and close for two consequently times the robotic finger by moving upward the eyebrows, for a total of four commands to be interpreted by the interface. Two feedback conditions were considered:
• Haptic feedback (CF): A vibration burst acknowledges for the contraction detected contraction of the muscle. If there is a single muscle activation, the haptic feedback consists of a single vibration burst. If a second contraction is detected inside the given time window, a second and longer vibration is provided to the user. In other words, a single vibration burst correspond to the detection of the command "close the finger", whereas a vibration burst followed by a longer vibration correspond to the detection of the command "open the finger".
• No haptic feedback considered (N). The vibration are generated by controlling the vibrotactile motor at full intensity for 100 ms in the case of a short burst, and for 300 ms in the case of the longer vibration. This is useful for the user since functionally differentiated pulse quality allows the user to clearly understand whether they managed to perform two movements in a row or failed in this task. Moreover, this differentiation in pulse length increases the confidence of the user in operating the robotic finger, because with this kind of feedback it is acknowledged that the system recognized the input. The acknowledge is faster than the actual movement of the robotic finger, in this way the user does not have to wait for it.
Three different lengths for the time windows were randomly used during the experiments so to limit possible learning effect. In fact, once the user familiarizes with the control interface, learns how much time available there is to complete the movements. The possible time window lengths were 800, 1000 and 1200 ms.
IV. RESULTS
Fifteen subjects (8 females, average age 28.5 ± 6.8 years) participated to the experiment. Seven of them had previous experience with haptic interfaces. None of the participants reported any deficiencies in their perception abilities and they were all naive as to the purpose of the study.
Each user repeated an open/close command for all combinations two times, with two feedback conditions, and with three possible time window lengths. This led to twelve consecutive open/close per experiment. The experiment is repeated twice gathering a total of twenty-four open/close commands per subject. We define as a task the sequence of two open/close commands. We considered two quantitative indexes to measure the role of tactile feedback for the EMG interface: we defined a Muscle Effort Index (MEI) to quantify the effort needed to accomplish a task with or without haptic feedback and, we considered the time need to accomplish a task with and without haptic feedback. In addition to the quantitative evaluation, we also measured users' experience through a questionnaire.
A. Muscle effort index
The goal of this evaluation is to determine whether the use of tactile feedback can reduce the muscular effort to execute a sequence of commands. To this aim, we defined the MEI as the measure of the total effort needed by each subject to accomplish the open/close task. The MEI is computed as follows. Every second we acquire 1000 EMG samples @ 1 kHz. For each sample it is possible to compute the envelope contributions as defined in Eq. (3) . Summing all the thousand sample contributions we obtain an estimation of the EMG power for the considered period of one second. If we normalize according to the highest EMG power measured, we obtain a series EMG power estimation ranging from 0 to 1. This normalization is necessary since different muscle sizes and electrode positioning may result in different maximum values when computing the task total effort. We define the MEI for a task as the sum of all the normalized EMG power. These values represent the total effort to complete a single task. Fig. 4 shows mean and standard deviation of the MEI for each feedback condition. A paired T-test analysis revealed statistically significant difference between the tactile feedback and no feedback condition (p < 0.001).
B. Completion time
The goal of this evaluation is to verify whether the use tactile feedback can reduce the time necessary to execute a series of commands. 
C. Perceived effectiveness
At the end of the experiment, subjects were asked to rate, on a slider going from 0 to 10, the effectiveness of each feedback condition in completing the given task. Fig. A paired T-test analysis revealed statistically significant difference between the marks assigned to tactile feedback and to no feedback condition (p < 0.001).
V. DISCUSSION
As we mentioned in the introduction, this work had been inspired by the real need of providing a non visual feedback to the patients using the Robotic Sixth Finger controlled through an EMG-based interface for the frontalis muscle. During the pilot studies performed, most of the patients asked for a possible acknowledge of the correct detection of a command gave by moving the eyebrows upward. The introduction of tactile feedback directly on the head of the user seems to be a promising way to solve this request. Our hypothesis was that the MEI value is expected to be higher when no haptic feedback is provided because in this case, the user has to wait for the movement of the robotic finger, that occurs at the end of the decision time window. In the elapsed time, usually the user continues to keep the eyebrows up when is no longer necessary. Warning the user with the described haptic cues before the finger action and immediately after the activation recognition, reduces the muscular effort needed to operate the robotic finger, diminishes the fatigue risk related to the use of the interface for a prolonged time and helps to reduce errors during the robotic finger control. Moreover, the presence of haptic feedback enhances the awareness of the user in using the system so that it becomes faster to execute the task of opening and closing the robotic finger.
We noticed that when no feedback is provided, is not easy to understand if the finger is actually receiving the opening trigger. This often leads users to try to repeat the eyebrow movement three or more times, losing trust in the interface or in their own ability to use it. Indeed, these ambiguities are strongly reduced when tactile feedback is given, since all the user were able to understand whether the interface recognized the double movement or not.
Some participants reported that the experience with the interface was uncomfortable after the whole experiment, finding the cause of that both in the excessive pressure that electrodes exerted on the forehead and the repetition of the same task that involves a muscle that is not typically so often used voluntarily. Another issue to tackle in a future version of the device is the electrodes positioning. The frontalis muscle is not centred in the forehead, but is composed of two symmetrical muscles placed over the eyebrows. To have repeatability of EMG recording the mechanical coupling could be revisited, implementing an active adaptation to head curvature. Moreover, a second EMG channel could be added, monitoring the EMG activity of both frontalis muscles. Different actuators could be used to provide tactile cues, such as linear resonant actuator or piezoelectric elements.
Finally, in this work we only validated the effectiveness of the interface itself, but we did not consider that typical applications of EMG interfaces for assistive robotics may also require a feedback from the interaction of the device with the environment. This open interesting questions on the possible location of the device/devices providing these two distinguished feedbacks (acknowledge and interaction feedback). As reported by the users in the questionnaire, the haptic acknowledgement here studied is an element that enhance the usability of the device. This could be true not only for this interface/system but also in other prosthetic devices/orthosis which rely upon EMG inputs and haptic feedbacks. We point out that the different quality of the acknowledgement would not influence the force feedback, since is perceived as less natural by the user, yet very useful. With this in mind, we are willing to investigate whether that input acknowledgement haptic feedback could be implemented using the same actuators implied in the force feedback without any detrimental effect on it.
VI. CONCLUSION
In this work, we analysed the contribution of tactile feedback on a EMG interface for the frontalis muscle. In particular, we focused on the evaluation of the importance of the acknowledge of the correct detection of a command through vibrations on the occipital side of the head. We demonstrated that a simple vibrotactile feedback can reduce the time to execute a series of commands. Moreover, also the muscular effort required to execute the series of commands is significantly reduced by the haptic feedback. All the fifteen subjects participating to the experiment indicate the tactile feedback as important add on for the EMG interface. We are currently testing the tactile feedback also with patients using the Robotic Sixth Finger. As a future work, we would like to test the vibrotactile command acknowledge also for different EMG interfaces, including EMG interfaces for prosthesis and exoskeleton.
